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Abstract We hypothesised that the decomposition rates
of leaf litter will increase along a gradient of decreasing
fraction of the European beech (Fagus sylvatica) and
increasing tree species diversity in the generally beech-
dominated Central European temperate deciduous forests
due to an increase in litter quality. We studied the
decomposition of leaf litter including its lignin fraction in
monospeciﬁc (pure beech) stands and in stands with up to
ﬁve tree genera (Acer spp., Carpinus betulus, Fagus sylv-
atica, Fraxinus excelsior, Tilia spp.) using a litterbag
approach. Litter and lignin decomposition was more rapid
in stand-representative litter from multispeciﬁc stands than
in litter from pure beech stands. Except for beech litter, the
decomposition rates of species-speciﬁc tree litter did not
differ signiﬁcantly among the stand types, but were most
rapid in Fraxinus excelsior and slowest in beech in an
interspeciﬁc comparison. Pairwise comparisons of the
decomposition of beech litter with litter of the other tree
species (except for Acer platanoides) revealed a ‘‘home
ﬁeld advantage’’ of up to 20% (more rapid litter
decomposition in stands with a high fraction of its own
species than in stands with a different tree species com-
position). Decomposition of stand-representative litter
mixtures displayed additive characteristics, not signiﬁ-
cantly more rapid than predicted by the decomposition of
litter from the individual tree species. Leaf litter decom-
position rates were positively correlated with the initial
N and Ca concentrations of the litter, and negatively with
the initial C:N, C:P and lignin:N ratios. The results support
our hypothesis that the overall decomposition rates are
mainly inﬂuenced by the chemical composition of the
individual litter species. Thus, the fraction of individual
tree species in the species composition seems to be more
important for the litter decomposition rates than tree
species diversity itself.
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Introduction
The signiﬁcance of plant species diversity for ecosystem
functioning is a central issue in current ecological research
(Hooper et al. 2005; Balvanera et al. 2006). To date, most
studies have focused on diversity–productivity relation-
ships in experimental grasslands or forest plantations
(Scherer-Lorenzen et al. 2005; Spehn et al. 2005). In these
studies, positive relationships have generally been found
between primary productivity and plant species diversity
(Hooper et al. 2005; Spehn et al. 2005). Less is known on
biodiversity effects on other key ecosystem processes such
as decomposition and nutrient cycling. The decomposition
process of plant litter inﬂuences the release of essential
plant nutrients such as nitrogen (N) and, thereby, exerts a
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Cotrufo et al. 2000; Parton et al. 2007).
Most studies on litter decomposition in forests have
included only two or three tree litter species and compared
monocultures with just one mixing treatment. This narrow
range of methodical approaches strongly limits the thor-
ough assessment of diversity effects and is one reason why
generalisations of litter-mass loss as a function of litter
diversity are not yet possible (Ha ¨ttenschwiler et al. 2005).
A substantial fraction of the studies indicates that mass
loss from various litter mixtures is more rapid than would
have been predicted from the decay rates of the individual
species included in the mixture (Ha ¨ttenschwiler and Gasser
2005; Chapman and Koch 2007;P e ´rez Harguindeguy et al.
2008). Thus, it exhibits non-additive characteristics, which
is in contrast to additive responses that can be predicted
from the decay of the individual litter species (Gartner and
Cardon 2004). According to Ha ¨ttenschwiler et al. (2005),
these non-additive (i.e., synergistic) effects can be brought
about by four complexes of mechanisms: (1) nutrient
transfer: preferential decomposition of high-quality litter
increases nutrient availability and induces nutrient transfer
to the low-quality litter that, in turn, will be decomposed
more rapidly (see also Salamanca et al. 1998); (2) stimu-
lating effects of speciﬁc litter compounds (cf. Schimel et al.
1998, who demonstrated, however, that retarding effects
are possible as well); (3) improved microclimatic condi-
tions; or (4) interactions across trophic levels of decom-
posers, e.g., regulation of the population density at lower
trophic levels by species at higher trophic levels, which can
depend on the diversity of litter species. To date, however,
no general pattern of litter-diversity effects on the mass
loss from litter during decomposition has emerged (e.g.,
Wardle et al. 1997; 2009).
The decomposition of leaf litter is largely inﬂuenced
by the concentrations and ratios of nutrients (Berg and
McClaugherty 2008). In general, decomposition rates
increase with a decrease in the ratio of carbon to N (C:N
ratio), which is therefore an important indicator of litter
quality (e.g., Heal et al. 1997). Another constituent limiting
the rate of litter degradation is lignin (e.g., Melillo et al.
1982; Osono and Takeda 2005), a complex aromatic het-
eropolymer in cell walls, which is one of the litter com-
ponents that are most recalcitrant to decomposition (Osono
2007; Berg and McClaugherty 2008). Therefore, not only
the species mixture of the litter per se but also the presence
or absence of individual litter species can inﬂuence the
decomposition rate within a mixture.
In temperate forests, several studies have already been
conducted on the effects of litter-diversity on litter
decomposition (cf. Gartner and Cardon 2004;
Ha ¨ttenschwiler et al. 2005), but investigations covering a
broader gradient of deciduous tree species including the
European beech (Fagus sylvatica L.), the predominant tree
species in the temperate deciduous forests of Central Eur-
ope (e.g., Ellenberg 1996), are relatively scarce. As a
consequence of land use history, monospeciﬁc stands with
beech are abundant in Central Europe. In beech forests,
silvicultural management programs attempt to increase the
fractions of other broad-leaved tree species such as ash
(Fraxinus excelsior L.), lime (Tilia spp.), maple (Acer spp.)
and hornbeam (Carpinus betulus L.). However, the effects
of elevated tree species diversity on leaf litter decompo-
sition and the ecosystem ﬂuxes of carbon and mineral
nutrients are still largely unknown.
To investigate whether leaf litter decomposition in
Central European forests is controlled by tree species
diversity along a gradient of decreasing fraction of the
beech in the tree species composition, we investigated
losses of litter-mass and of foliar lignin in site-represen-
tative samples and in species-speciﬁc litterbags of the
component tree species in three stand types: (1) in stands of
beech; (2) in stands composed of three main tree species
(beech, ash, lime); and (3) in stands comprising ﬁve main
tree species (beech, ash, lime, hornbeam, maple). All
samples were incubated on-site in litterbags. The study was
performed in the Hainich region (Thuringia, Central Ger-
many), Germany’s largest connected deciduous forest with
an area of 16,000 ha. The forest consists of a small mosaic
of forest stands dominated by beech on the one hand, and
forest stands exceptionally rich in tree species (up to 14
species per hectare) on the other hand.
We hypothesised that (1) the decomposition rates of
stand-speciﬁc bulk litter increase with decreasing fraction
of beech litter due to the increase in leaf litter fractions
with a higher quality, and that (2) non-additive effects are
responsible for the presumed increase in decomposition
rates. We also expected that (3) the decomposition rates of
tree species-speciﬁc leaf litter increase with decreasing
fraction of the beech in the stands due to a higher litter
quality in the environment of the incubated litterbags.
According to the home ﬁeld advantage (HFA) hypothesis
(Gholz et al. 2000; Vivanco and Austin 2008; Ayres et al.
2009a, b), we tested whether the decomposition rates of
beech litter—relative to that of the other tree species—
would be higher in the stands from which it had been
derived than in stands with a different tree species
composition.
Materials and methods
Study site
The study was conducted in semi-natural, old-growth forest
stands (85–148 years old in 2006; Schmidt et al. 2009)i n
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123the Hainich National Park, Thuringia, Central Germany.
All research stands are situated at an elevation of approx-
imately 350 m a.s.l. near the village of Weberstedt
(51060N, 10310E). At the Weberstedt meteorological
station, the mean annual temperature is 7.5C, and the
mean annual precipitation 670 mm. The soils are Luvisols
with stagnic properties, which developed from Pleistocene
loess and are underlain by limestone (Triassic Upper
Muschelkalkformation)(FAO2006).Theyarecharacterised
by high silt contents (approximately 75%), and have a loess
cover of at least 60 cm (Guckland et al. 2009). For the past
four decades, the studied stands have developed a near-
natural structure (cf. Mo ¨lder et al. 2008; Leuschner et al.
2009). Details of the stand structure are given in Table 1.
InApril2005,threestandtypesdifferingintheirdiversity
levels (DL) of tree taxa were selected in the north-eastern
part of the national park: (1) a stand type with European
beech (F. sylvatica L.) as the predominant tree species (DL
1); (2) a stand type mainly consisting of beech, lime (Tilia
cordata Mill. and T. platyphyllos Scop.) and ash (F. excel-
sior L.) (DL 2); and (3) a stand type with beech, lime, ash,
hornbeam (Carpinus betulus) and maple (Acer pseudoplat-
anus L. and Acer platanoides L.) as the predominant tree
taxa (DL 3). At each diversity level (stand type), three plots
of 50 m 9 50 m each were selected, and fenced to exclude
wild boars and other game. All plots were located within a
radius of approximately 4 km, and were comparable with
respect to slope, physical soil conditions and climate. From
the beginning of September, leaf litter was continuously
sampled with litter collectors (aperture: 0.29 m
2) that were
arranged at a minimum distance of 2 m along three
randomly positioned 30-m-long transects per plot (ﬁve
collectors per transect). The bulk of the leaf litter fell from
the beginning of October until mid-November. The collec-
tors were emptied every 2–3 weeks from the beginning of
Septembertothe endofDecember during2005–2007.At all
study plots, the air temperature, which can inﬂuence the
decomposition rates, was continuously recorded with tem-
perature sensors 5 cm above the ground (HOBO RH/temp
H08-32-08; Onset Computer, Bourne, USA). At the mea-
surement dates and the time periods between them, the air
temperatures were similar at all plots (data not shown).
Litterbag experiment
At the beginning of November 2005, 8 g of oven-dried
(25C for 48 h) litter that had been collected in 2005
between the beginning of September and 31 October was
placed in nylon bags with a surface area of 20 cm
2 and a
mesh size of 5 mm. Two types of bags were prepared in
this manner: (1) bags that contained litter in a mixture that
was representative of the litter composition of the respec-
tive plot (MIX bags), and (2) bags that contained litter of
only one out of the ﬁve investigated tree species (A. plat-
anoides, C. betulus, Fagus sylvatica, Fraxinus excelsior,
Tilia cordata; i.e. MONO bags). The MONO-bag litter was
derived from a random species-speciﬁc mixture from the
plots of all DL levels, at which the respective tree species
occurred. In part of the remaining litter, the initial con-
centrations of lignin and calcium (Ca) as well as the initial
ratios of carbon to nitrogen (C:N ratios) and carbon to
phosphorus (C:P ratios) were determined (see below). On
Table 1 Features of the investigated temperate deciduous forest stands differing in the diversity level (DL) of tree species (means ± 1SE,
n = 3, and ranges in the case of soil water content)
DL 1 DL 2 DL 3
% of canopy cover
Fagus sylvatica 96.1 ± 1.9 a 67.1 ± 3.5 b 21.4 ± 13.0 c
Tilia spp. 0.8 ± 0.8 b 13.1 ± 5.3 ab 40.3 ± 11.0 a
Fraxinus excelsior 0.5 ± 0.5 a 14.2 ± 3.9 a 10.7 ± 4.3 a
Acer spp. 0.9 ± 0.4 b 4.5 ± 1.0 b 8.5 ± 1.3 a
Carpinus betulus 0.0 ± 0.0 b 0.0 ± 0.0 b 14.7 ± 5.2 a
Humus type
a F-Mull L-Mull L-Mull
Thickness of organic surface layer, annual average (cm)
b 2.8 ± 0.1 a 2.4 ± 0.1 b 1.9 ± 0.1 c
Soil water content in 0–10 cm of soil depth
c
Winter 2005/2006 (October–March), range (vol.%) 21.0–32.3 19.1–35.4 20.3–34.9
Summer 2006 (April–September), range (vol %) 15.5–34.2 13.9–38.1 13.7–37.4
Different letters in columns indicate signiﬁcant differences among DL (data compiled from Guckland et al. 2009 and Jacob et al. 2010)
a According to the German classiﬁcation system (Ad-hoc-Arbeitsgruppe Boden 2005)
b Unpublished data from N. Weland (Department of Ecology, Johann Friedrich Blumenbach Institute of Zoology and Anthropology, Georg-
August-Universita ¨tG o ¨ttingen)
c Unpublished data from I. Kra ¨mer (Department of Tropical Silviculture and Forest Ecology, Burckhardt-Institute, Georg-August-Universita ¨t
Go ¨ttingen)
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12317 November 2005, the litterbags were placed in the upper
stratum of the organic surface layer. To cover six sampling
dates, six MIX bags were incubated on each plot at all DL
(18 bags per DL, 6 sampling dates; 324 bags in total). In
the case of the MONO bags, three bags per tree species and
plot were placed on one plot at each diversity level to be
resampled on three dates (3 bags per DL, 5 species, 3
sampling dates; 135 bags in total). For the determination of
mass loss on the basis of the remaining litter, litterbags
were removed on the following dates: 15 December 2005,
27 March 2006, 19 June 2006, 26 September 2006, 24
April 2007, and 18 September 2007. On these dates (except
for sampling dates in 2007, on which a large part of the
litter mass had already decomposed), the lignin concen-
trations of the remaining material were analysed.
Chemical analyses
In freshly fallen leaf litter and in part of the litter used
for the litterbag experiment, the concentrations of lignin
as well as the initial Ca concentration and the initial C:N
and C:P ratios were measured. The bulk of the samples
was analysed for lignin concentration using near-infrared
spectroscopy (NIRS) as a rapid and accurate method for
determining lignin in a large number of samples (e.g.,
Ono et al. 2008). To calibrate the NIRS method, the
more time-consuming acetyl bromide method was applied
to approximately 100 samples, which had been collected
at all DL at all four measurement dates (November
2005–June 2006). In 400 mg of dried (60C) and pul-
verised material per sample, lignin was chemically
decomposed into soluble degradation products, whose
concentrations were measured photometrically at 280 nm
(Brinkmann et al. 2002). The measurements were cali-
brated using coniferyl alcohol (1 nmol coniferyl alcohol
is equivalent to 180 mg lignin).
For the lignin determination by NIRS, dried and pul-
verised litter material was homogeneously placed in quartz
cuvettes with a diameter of 2 cm. In each sample, the
reﬂectance was measured twice at wavelengths between
400 and 2,500 nm at 2-nm increments using an NIR
spectrometer (Foss NIRSystems 6500, Silver Spring, MD,
USA). To minimise the effects of light scattering, the
spectra were mathematically transformed to the second
derivative (Mclellan et al. 1991; Brinkmann et al. 2002).
Calibration was performed using the built-in WinISI soft-
ware (Foss, Silver Spring, MD, USA) (for technical details,
see Tillmann 1996 and Brinkmann et al. 2002). In the
samples measured by both methods, the lignin concentra-
tions determined by the acetyl bromide method and by
NIRS correlated at an r
2 of 0.969.
The C and N concentrations of the leaf litter were mea-
sured using an automated C:N analyser (Heraeus Elementar
Vario EL, Hanau, Germany). The concentrations of Ca and
P were determined by ICP-AES (Spectro, Kleve, Germany)
after pressure digestion with concentrated nitric acid.
Data evaluation
Decomposition rates k (litter or lignin mass decomposed
per gram initial litter mass and per day) were calculated
using linear regressions of the mass losses during the ﬁrst
7 months of decomposition (November 2005 through June
2006; four dates of measurement). As the mass loss during
this time period was approximately linear (cf. Fig. 1), we
used linear regressions instead of the negative exponential
decay that is often used in similar studies (Olson 1963;
Ba ¨rlocher 2007). Means ± 1 standard error are given in the
Fig. 1 Decomposition of a foliar litter and b foliar lignin in percent
of their initial mass in the MIX litterbags (representing the bulk litter
of the individual stands) incubated in temperate deciduous forest
stands differing in tree species diversity (DL 1–3) from November
2005 until a September 2007 (entire incubation period, 22 months)
or b September 2006 (initial 10 months of the incubation)
(means ± 1SE). Different capital letters next to the symbol legends
indicate signiﬁcant differences among DL for the entire time course
(Friedman test, followed by multiple pairwise comparisons using the
Student–Newman–Keuls test, P\0.05; no signiﬁcant difference
among DL for the entire time course in the case of bulk litter).
Different lower case letters indicate signiﬁcant differences among DL
on a given date (Kruskal–Wallis test, followed by multiple pairwise U
tests; P\0.05) (the latter test was not performed on the lignin values
due to a lack of repetitive analyses on some dates)
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123presentation of the results. Differences among the DL
within a given tree species, and among the tree species
within a given DL, were tested using the Kruskal–Wallis
test, followed by multiple pairwise Mann–Whitney rank
sum tests (U tests) in the case of a signiﬁcant difference.
Differences among the time courses of litter or lignin
decomposition at the three DL were tested using the
Friedman test, followed by multiple pairwise comparisons
using the Student Newman–Keuls test in the case of a
signiﬁcant difference. For the decomposition rates in the
MONO bags, ANOVA was used for comparing the indi-
vidual tree species (average values for all DL) or DL
(average values for all tree species), followed by post-hoc
LSD in the case of signiﬁcant differences. For each tree
species, we tested the differences between predicted (on the
basis of MONO litterbags) and measured percentages (in
MIX litterbags) of the foliar litter mass remaining after
7 months of incubation using the t test for paired differ-
ences after having tested the differences on deviation from
the normal distribution using the Kolmogorov–Smirnov
test. Interrelationships between the initial Ca, N and lignin
concentrations in the litter as well as the initial C:N, C:P
and lignin:N ratios as predictor variables, and the litter
decomposition rate (November 2005 through June 2006) as
the response variable, were tested by multiple regression.
For the respective variables, we used values that had been
averaged for the individual tree species at each DL
(n = 12). The tests were performed using SPSS version
13.0.1 (SPSS, Chicago, IL, USA). The signiﬁcance level
was P\0.05 in all cases.
For testing the home ﬁeld advantage (HFA) hypothesis,
HFA indices (HFAI) were pairwise calculated according to
Ayres et al. (2009b):
HFAI ¼ 100 RMLAa þ RMLBb ðÞ RMLAb þ RMLBa ðÞ
 1

  100
where RML is the relative mass loss of the litter; capital
letters denote the tree species; and lower case letters des-
ignate the sites of the tree species. The RML is calculated
as the relative mass loss (in percent) of litter of a given tree
species (e.g., A) related to the combined relative litter-mass
loss of that species (A) and a complementary tree species
(B) at a given site (a or b). For pairwise comparisons of tree
species, the HFA index gives the percentage of a more
rapid (or slower) mass loss of litter when it decomposes
under the tree species from which it had been derived (i.e.,
‘‘at home’’) than beneath different tree species. In our
calculations, the beech stands (DL 1) were site a and the
mixed species stands (DL 3), site b. F. sylvatica was spe-
cies A, and pairwise comparisons were made to A. plat-
anoides, C. betulus, F. excelsior and T. cordata as the
respective B species.
Results
Litter quality
At all DL, the litter of F. sylvatica displayed the highest
C:N ratios (on average, 53 g g
-1; signiﬁcant differences to
the other species at DL 2 and DL 3) as well as the highest
lignin concentrations (averaged over all DL, 85 mg gDM
-1 )
(Table 2). At DL 2 and DL 3, F. excelsior exhibited the
lowest C:N ratios (on average of all DL, 31 g g
-1). The Ca
concentrations were highest in T. cordata (on average of all
DL, 25.3 mg gDM
-1 ) and lowest in Fagus (on average,
15.6 mg gDM
-1 ). Within a given tree species, the differences
among DL were not signiﬁcant for the investigated ele-
ments or element ratios.
Table 2 Concentrations of calcium (Ca) and lignin, and ratios of
carbon to nitrogen (C:N) and of carbon to phosphorus (C:P) in tree
litter freshly fallen in autumn in forest stands differing in the level of
tree species diversity (DL) (mean values of 3 replicate plots ± 1SE)
Tree species DL 1 DL 2 DL 3
Ca (mg gDM
-1 )
Fagus sylvatica 12.5 ± 1.1 17.8 ± 0.4 b 16.5 ± 2.9
Tilia cordata – 25.5 ± 0.4 a 25.1 ± 1.1
Fraxinus excelsior – 23.1 ± 0.8 a 23.2 ± 1.0
Acer platanoides – – 21.4 ± 0.7
Carpinus betulus – – 21.8 ± 1.3
Lignin (mg gDM
-1 )
Fagus sylvatica 80.6 ± 4.1 86.7 ± 1.8 a 88.7 ± 4.6
Tilia cordata – 71.6 ± 1.7 b 75.7 ± 2.9
Fraxinus excelsior – 75.8 ± 1.9 b 80.2 ± 2.4
Acer platanoides – – 75.8 ± 1.0
Carpinus betulus – – 80.7 ± 3.2
C:N (g g
-1)
Fagus sylvatica 50.0 ± 2.3 52.7 ± 1.1 a 57.4 ± 3.7 a
Tilia cordata – 35.9 ± 0.5 b 37.0 ± 1.4 c
Fraxinus excelsior – 30.1 ± 1.6 b 32.0 ± 1.1 d
Acer platanoides – – 46.3 ± 2.3 b
Carpinus betulus – – 38.6 ± 2.2 c
C:P (g g
-1)
Fagus sylvatica 543 ± 47 717 ± 120 856 ± 139
Tilia cordata – 446 ± 34 517 ± 80
Fraxinus excelsior – 495 ± 42 532 ± 44
Acer platanoides – – 580 ± 50
Carpinus betulus – – 508 ± 48
Different letters in columns indicate signiﬁcant differences among
tree species within a given DL (Kruskal–Wallis test, P\0.05).
Differences among DL within a given tree species were not
signiﬁcant
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across the levels of tree species diversity
Related to their initial values, the quantities of total dry
mass and of lignin in the MIX litterbags, which were
representative of the bulk litter of the individual study
plots, were signiﬁcantly higher at DL 1 than at DL 2 and
DL 3 on the dates of resampling (Fig. 1). During the initial
7 months of the experiment, the rates of litter and lignin
decomposition were lowest at DL 1 and highest at DL 3
(Fig. 2).
Decomposition of litter from individual tree species
With regard to the individual tree species (MONO bags),
the masses of litter and lignin remaining after the initial
7 months of the experiment (November 2005–June 2006)
were highest in Fagus ([80 and 76%, respectively) and
lowest in Fraxinus (less than 20% of the initial litter and
lignin) when averaged for all DL (Fig. 3). The decompo-
sition rates (k) of litter and lignin from the individual tree
species (MONO bags, mean values for a given DL) did not
differ among DL (Fig. 4a, c). This result is in contrast to the
signiﬁcant differences in the k values of the litter mixtures
among DL (Fig. 2). Among the individual tree species, k
values of litter and lignin (averaged over all DL) did differ
signiﬁcantly: the highest values were found in Fraxinus and
the lowest in Fagus (Fig. 4b, d). An additional Kruskal–
Wallis test performed separately for tree species and DL
revealed that F. sylvatica was the only species whose litter
(but not lignin) decomposition rates differed among DL: the
k value of Fagus litter was signiﬁcantly higher at DL 1
(0.70 ± 0.02 mg gDM
-1 day
-1) than at DL 2 and DL 3
(0.56 ± 0.07 and 0.42 ± 0.01 mg gDM
-1 day
-1).
To assess the mixture effect on the decomposition, we
compared the percentage of the individual tree species’
litter remaining in the MIX bags with the percentage pre-
dicted on the basis of the MONO bag data after 7 months
of decay in accordance with Ha ¨ttenschwiler and Gasser
(2005) (Fig. 5). In Acer and Fagus, the predicted percent-
age of remaining litter mass in the mixed litterbags tended
to be higher than the measured percentage, which indicates
a higher rate of decomposition in the mixture, whereas the
opposite was true for Tilia. However, the differences
between the measured and the predicted percentages were
not signiﬁcant in any of the species.
The HFA index increased with ongoing incubation time
for all tree species combinations with the beech (Table 3).
The highest HFA index was found for the combination
Fagus–Carpinus (20% higher litter-mass loss at ‘‘home’’
than ‘‘away’’ after 7 months; mean ± 1SE of all four
pairwise combinations: 8.1 ± 4.6%). The pairwise com-
parison of F. sylvatica and A. platanoides was the only tree
species combination that consistently displayed a more
rapid mass loss ‘‘away’’ than ‘‘at home’’.
Relationships between litter quality and decomposition
rates
The decomposition rates of the litter were signiﬁcantly
correlated with the initial N and Ca concentrations in the
litter as well as with the initial C:N, C:P and lignin:N ratios
(Fig. 6). The initial lignin concentration was not signiﬁ-
cantly related to the decomposition rate. Multiple regression
yielded its highest adjusted coefﬁcient of determination
(Radj
2 ) with the N concentration, the C:P ratio and the C:N
ratio as predictor variables. However, with these predictor
variables, the explanatory power was only slightly higher
Fig. 2 Decomposition rates (k; related to the initial litter mass) of (a)
litter and (b) lignin in stand-speciﬁc MIX litterbags incubated in
temperate deciduous forest stands differing in their level of tree
species diversity (DL 1–3). The rates were calculated for November
2005–June 2006 (means ± 1 SE). Different lower case letters
indicate signiﬁcant differences among DL (Kruskal–Wallis test,
followed by multiple pairwise U tests; P\0.05)
1088 Oecologia (2010) 164:1083–1094
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dictor variable (Table 4). Inclusion of further variables
resulted in lower Radj
2 values, probably because of variance
inﬂation due to multicollinearity among the variables.
Discussion
The species-speciﬁc litter decomposition rates varied
among the investigated tree species but, in most species,
were neither inﬂuenced by litter mixing (i.e., by raising the
litter diversity) nor by the degree of the tree species
diversity at the sites of decomposition. However, the
decomposition rates of stand-speciﬁc bulk litter increased
with decreasing portion of the beech in the tree species
composition and, thus, with increasing tree species diver-
sity. With ongoing incubation time (up to 7 months), an
increase in home ﬁeld advantage was found for litter
decomposition in all pairwise combinations of Fagus with
other tree species except for A. platanoides.
Decomposition of litter from individual tree species
Our ﬁndings of signiﬁcant correlations between initial litter
decomposition rates and N-related variables of the litter
corroborate the results of other studies, which demon-
strated that the N concentrations, or the ratios of N to other
foliar compounds, are among the principal factors affecting
the rates of litter decomposition in a particular climatic
region (Cornelissen 1996; Aerts 1997; Heal et al. 1997;
Parton et al. 2007). Like in our study, a signiﬁcantly
positive correlation has also been found between the
decomposition rates and the Ca concentration of the litter
(Hobbie et al. 2006). However, it has to be considered that
(1) correlations between nutrient concentrations and litter
decomposition rates do not necessarily imply that litter
quality controls litter decay, and (2) simple extrapolations
of decomposition rates from early stages of decay to long-
term rates might yield erroneous results (Prescott 2005).
The lack of a signiﬁcant correlation between decom-
position rates and the lignin concentration of the litter was
probably due to the relatively small range of lignin con-
centrations. Moreover, lignin’s regulation of litter decom-
position is generally not presumed to take effect before the
onset of the second phase of degradation (Kalbitz et al.
2006; Berg and McClaugherty 2008), which starts when
the mass loss of litter exceeds a species-speciﬁc level. This
level might not have been reached during the period for
which the decomposition rates were calculated.
Due to the chemical composition of their leaves, forest
trees create speciﬁc conditions that inﬂuence the decom-
position of their own litter in the long-term (Reich et al.
2005; Sariyildiz and Anderson 2005; Vivanco and Austin
2008). Apart from affecting the chemical composition of
the soil, litter that is only slowly degradable builds up
thicker layers of organic matter on the soil surface, which
persist over longer periods of time. The structure of the
organic surface layer, in turn, can affect the rates of litter
decomposition as a result of the microclimatic conditions
(Sayer 2006; Sariyildiz 2008). In our study, the thicker
organic surface layer in the stands dominated by F. sylv-
atica (DL 1) might have preserved a more favourable
moisture regime during the decomposition process than at
DL 2 and DL 3. At the latter DL (especially at DL 3), the
more rapid decomposition of the readily degradable Frax-
inus and Tilia litter, which presumably is a more attractive
resource to the decomposers due to its lower C:N ratios, left
behind a thinner litter layer. In late spring (7 months after
the onset of decomposition), this layer consisted mainly of
the more persistent Fagus litter, whose decomposition
might have been further retarded by the low moisture
Fig. 3 Decomposition of (a) foliar litter and (b) foliar lignin of
different temperate deciduous forest tree species in percent of their
initial mass in MONO litterbags (average values of bags incubated in
stands of the three tree species diversity levels DL 1–3) (means
± 1SE). Different capital letters next to the symbol legends indicate
signiﬁcant differences among tree species for the entire time course
(Friedman test, followed by multiple pairwise comparisons using the
Student Newman–Keuls test; P\0.05) in the case of litter decom-
position (no signiﬁcant differences in the case of lignin decomposi-
tion). Different lower case letters indicate signiﬁcant differences
among tree species on a given date (Kruskal–Wallis test, followed by
multiple pairwise U tests; P\0.05)
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123content during the warm summer months. In the multi-
speciﬁc stands, this might have impeded the degradation of
Fagus litter even more. The moisture regime in the litter
layer and decomposer preferences might explain the ﬁnding
that the decomposition rates of Fagus litter at DL 2 and DL
3 during the ﬁrst 7 months of decay were signiﬁcantly lower
than in the almost pure Fagus stands of DL 1. The combi-
nation of these factors might also have been involved in the
home ﬁeld advantage (HFA) found after 7 months of litter
decomposition in pairwise comparisons of F. sylvatica to
the other investigated tree species (except for A. platano-
ides), which was evident by positive HFA indices. The
mean value of the HFA indices calculated in our study after
7 months (8.1%) was almost identical to the value of 8.0%
found by Ayres et al. (2009b) in a meta-analysis of 35
pairwise forest tree comparisons (incubation time 0.7–
5 years) conducted in North and South America and
Europe. A local adaptation of the soil community of
microorganisms and fauna to the stand-speciﬁc litter, which
is also presumed to cause HFA (e.g., Ayres et al. 2009a, b),
might have been involved as well. It has to be noted,
however, that—in contrast to the initial trend—the
decomposition of Fagus litter was more rapid at DL 3 than
at DL 1 when a longer time period (22 months) of decom-
position was considered (Jacob et al. 2009). The HFA
hypothesis should be more thoroughly tested for longer time
spans in temperate forests that are rich in tree species by
nature and also harbour monospeciﬁc stands consisting of
different tree species—in contrast to Central European
deciduous forests that are largely dominated by one single
species (F. sylvatica), which also is one of the very few
species that forms appreciable monospeciﬁc stands.
Decomposition of litter mixtures
The investigated mixed forest stands showed, in their initial
phase, an additive litter decomposition, which can be pre-
dicted by the mass loss of the component litter species. We
Fig. 4 Decomposition rates (k;
related to the initial litter mass)
of litter (a,b) and lignin (c,d)i n
tree species-speciﬁc MONO
litterbags incubated in
temperate deciduous forest
stands differing in their level of
tree species diversity (DL 1–3).
The rates were calculated for
November 2005–June 2006
(means ± 1 SE). The means
were averaged for a given DL
from the litter of all tree species
incubated there (A. platanoides,
C. betulus, F. sylvatica, F.
excelsior, T. cordata)( a,c), or
over all DL (DL 1–3) for a
given tree species (b,d).
Different lower case letters
indicate signiﬁcant differences
among the tree species
(ANOVA, followed by post-hoc
LSD tests; P\0.05).
Differences among DL were not
signiﬁcant
Fig. 5 Predicted (on the basis of MONO litterbags) and measured
percentages (in MIX litterbags) of the different tree species’ foliar
litter remaining after 7 months of incubation in all DL (DL 1–3). The
diagonal line represents a 1:1 ratio. Within a given tree species, the
differences between measured and predicted differences were not
signiﬁcant (t test for paired differences). For the explanation of
symbols, see Fig. 3
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123cannot support the widespread hypothesis that litter
decomposition is more rapid in the presence of more
readily degradable leaf litter. This result contrasts those of
a substantial number of studies, which have shown that
mass loss from foliar litter of a given species is enhanced
when foliar litter of other species is present (cf. Gartner and
Cardon 2004). However, only a few studies have investi-
gated the decomposition of the same litter types across sites
differing in the composition of litter species. In several of
those studies (in boreal forests, Prescott et al. 2000;i na
temperate forest, Ball et al. 2008; in dry-mesic to mesic
forests of Central North America, Madritch and Cardinale
2007; and in a Nothofagus mixed forest in Patagonia,
Vivanco and Austin 2008), no enhancing effects of species-
rich environments on the mass loss of individual litter
species were detected. Instead, individual leaf litter quality
seemed to be crucial for the decomposition rates, at least in
the initial phase of decay. This conclusion can also be
drawn from the present study. It provides further evidence
that the properties of individual litter species are decisive
for their decomposition rates.
Decomposition across the DL
According to our hypothesis, the large differences
between the decomposition rates of beech litter and those
of litter from the other investigated tree species also
inﬂuenced the decomposition rates of the stand-speciﬁc
litter mixtures, which were highest at DL 3. In those
stands with the highest tree species diversity, tree species
with low initial C:N ratios in their litter (C. betulus,
F. excelsior, Tilia cordata) together made up nearly two-
thirds of the canopy cover, whereas the species with the
highest C:N ratio (F. sylvatica) contributed only about
21%. The stand-speciﬁc litter mixtures reﬂected the
contribution of the tree species to the canopy cover.
Despite distinct differences among DL in soil chemistry
(Guckland et al. 2009), the nutrient concentrations and
ratios of Fagus litter did not differ signiﬁcantly among
DL. Thus, high fractions of F. sylvatica in the litter
mixtures were connected with lower decomposition rates
of total litter and lignin. Hence, in our study, the dif-
ferences among the decomposition rates of the litter
mixtures from the various DL were due to the speciﬁc
traits of the individual tree species involved, and to their
interrelations with the site factors rather than to the
diversity of the litter mixtures per se. Generally, the
strongly varying effects (some are stimulating, others are
retarding) of species-speciﬁc traits of the trees in tem-
perate forest ecosystems make the prediction of litter-
mixing effects on the decomposition rates difﬁcult
(Ha ¨ttenschwiler et al. 2005; De Deyn et al. 2008). This
also seems to be true for tropical forest plantations
(Scherer-Lorenzen et al. 2007).
Consequences of leaf litter decomposition
at the ecosystem scale
The annual leaf litter production of the investigated
stands was 3.2—3.9 Mg ha
-1 year
-1, with no signiﬁcant
differences among the levels of tree species diversity
(Guckland et al. 2009). The higher decomposition rates
in the stands with a lower portion of the beech in the tree
species composition and with a higher tree species
diversity is indicative of a faster release of nutrients and,
thus, of a more rapid nutrient cycling. Given the different
chemical composition of the investigated litter species, it
is probable that the cycling of C and N during decom-
position is inﬂuenced by the chemical composition of the
litter mixtures rather than by features of diversity. Meier
and Bowman (2008) also drew such a conclusion from
their study on the decomposition of litter mixtures from
alpine plant species. However, if such alterations in the C
and N cycling have occurred along the gradient of a
decreasing fraction of the beech at our study sites, they
exerted no inﬂuence on the productivity of the trees: the
basal area-related productivity of the beech was not
higher in the mixed stands than in the pure ones, and the
stand-related total above-ground productivity of all trees
even tended to decrease with increasing tree species
diversity (Jacob et al. 2010). Hence, the total above-
ground productivity of the trees seems to be unaffected
by the litter decomposition rates. This is consistent with
the objection by Prescott (2005) that rates of litter
decomposition may not be critical for productivity
although the process of litter decomposition is crucial to
maintain production. With regard to the rates of litter
Table 3 Indices of home ﬁeld advantage (HFA) calculated for
pairwise comparisons of decomposition of beech litter (F. sylvatica)
to the decomposition of litter from Acer platanoides, C. betulus,
F. excelsior and T. cordata according to Ayres et al. (2009b)
HFA index
1 month 4 months 7 months
Fagus–Acer -3.6 -3.3 -2.3
Fagus–Carpinus -3.3 3.6 20.0
Fagus–Fraxinus -5.9 -10.2 5.9
Fagus–Tilia 4.0 3.4 8.7
The HFA indices are based on litter-mass loss determined after 1, 4
and 7 months of litter decomposition in MONO bags (n = 3) incu-
bated in the monospeciﬁc stands (pure beech stands; DL 1), and in the
multispeciﬁc stands of DL 3. They give the percentage of a more
rapid (positive sign) or a slower (negative sign) mass loss of litter
when it decomposes at ‘‘home’’ (the stand type from which the litter
had been derived) versus ‘‘away’’ (a stand type with a different tree
species composition)
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123decomposition and nutrient release, however, the site
conditions of the different stand types, in combination
with the speciﬁc traits of the predominating tree species,
might be more important than tree species diversity itself.
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Fig. 6 Rates of litter
decomposition (k) plotted
against the initial concentrations
or ratios of nutrients or lignin in
the litter from tree species-
speciﬁc MONO litterbags
incubated in temperate
deciduous forest stands
differing in the level of tree
species diversity. Mean values
of the DL were used for each
tree species. The decomposition
rates were calculated for
November 2005–June 2006. In
cases of signiﬁcant (P\0.05)
Pearson correlation coefﬁcients
(r), r and the respective levels of
signiﬁcance are given. For the
explanation of symbols, see
Fig. 3
Table 4 Signiﬁcant coefﬁcients of determination (R
2 and adjusted
R
2) resulting from multiple regression analysis on the inﬂuence of the
initial concentrations and ratios of several chemical compounds of the
leaf litter from different deciduous forest tree species (A. platanoides,
C. betulus, F. sylvatica, F. excelsior, T. cordata) on the decomposi-
tion rate (response variable) during the initial 7 months of decom-
position (November 2005–June 2006)
Predictor variables R
2 Radj
2 P
C:N 0.867 0.853 \0.001
C:P, N 0.900 0.877 \0.001
C:N, C:P, N 0.911 0.878 \0.001
C:N, C:P, N, Ca 0.922 0.877 \0.001
C:N, C:P, N, Ca, lignin:N 0.927 0.867 0.002
C:N, C:P, N, Ca, lignin:N, lignin 0.929 0.844 0.010
The analysis was performed on average values of the individual tree
species (MONO litterbags) at the different DL (n = 12)
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